Previous beat contraction history, in which the performance of the left ventricle on any one beat is influenced by the mechanical events of the previous beat, may be important in the beat-to-beat regulation of left ventricular performance in the intact cardiovascular system. Prior studies of this phenomenon have established that mechanical events of the previous beat influence the function of the current beat, but it is not known whether the important mechanical influence is exerted by previous beat ejection or previous beat pressure. In addition, the magnitude of the effect of previous beat contraction history on left ventricular performance is unknown. To make these determinations, we performed experiments in six isolated rabbit left ventricle preparations buffer perfused at 30°C. Left ventricular pressure and volume were controlled precisely with a servo-controlled linear motor system. After steady-state ejecting conditions were established by clamping left ventricular ejection pressure at 609% of peak isovolumic pressure, single test beats, which were pressure clamped at 40%o, 60%o, 80%, and 100l% of peak isovolumic pressure, were introduced and followed by an isovolumic reference beat. As the level of pressure clamp decreased from 100%/ to 40%o, developed pressure on the isovolumic beat following the single test beats increased from 139± 15 (mean± SD) to 151± 13 mm Hg. Similarly, peak positive left ventricular dP/dt increased from 1,718±209 to 1,864±181 mm Hg* sec`(both p<0.01). Multiple regression analysis showed that this increase in left ventricular function was related to previous beat ejection but not to previous beat pressure load or relaxation. These results show that previous beat contraction history, mediated by previous beat ejection, is quantitatively large enough that it could play a role in modulating the relatively small beat-to-beat adaptations that the left ventricle must continually make in the intact circulatory system. (Circulation Research 1991;69:1051-1057 In prior studies of the beat-to-beat regulation of left ventricular performance in the intact cardiovascular system, we have shown that the performance of the left ventricle on any one beat is influenced by the mechanical events of the previous beat.1-3 We have called this phenomenon previous beat contraction history to distinguish it from other short-term (within beat)4'5 and long-term (many beats)6,7 contraction history or "memory" phenom-
Left Ventricular Function Depends on Previous Beat Ejection but Not Previous Beat
Pressure Load
Bryan K. Slinker, Sanjeev G. Shroff, Robert D. Kirkpatrick, and Kenneth B. Campbell
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mm Hg* sec`(both p<0.01). Multiple regression analysis showed that this increase in left ventricular function was related to previous beat ejection but not to previous beat pressure load or relaxation. These results show that previous beat contraction history, mediated by previous beat ejection, is quantitatively large enough that it could play a role in modulating the relatively small beat-to-beat adaptations that the left ventricle must continually make in the intact circulatory system. (Circulation Research 1991; 69:1051 -1057 In prior studies of the beat-to-beat regulation of left ventricular performance in the intact cardiovascular system, we have shown that the performance of the left ventricle on any one beat is influenced by the mechanical events of the previous beat.1-3 We have called this phenomenon previous beat contraction history to distinguish it from other short-term (within beat)4'5 and long-term (many beats)6,7 contraction history or "memory" phenom-ena that have been described in both isolated cardiac muscle and the whole heart. A similar phenomenon also has been demonstrated in several studies of isolated cardiac muscle. [8] [9] [10] Previous beat contraction history may be an important component of the small beat-to-beat adaptations the left ventricle makes in response to continuously changing demands and loading conditions. Under normal conditions in the open-chest anesthetized dog, previous beat contraction history is to exert an important influence on left ventricular performance. These results are consistent with isolated cardiac muscle studies that have demonstrated an important influence of previous twitch shortening8,9"11 or load89"1"'12 on muscle function.
However, it is not known from any of these studies whether the mechanical event underlying previous beat contraction history is previous beat shortening or load. Therefore, the first purpose of this study was to test the hypothesis that previous beat contraction history is more strongly related to previous beat ejection than to previous beat systolic pressure. We did this by examining the magnitude of previous beat contraction history under different conditions that kept previous beat peak pressure constant but allowed the amount of previous beat ejection to vary. In addition, although prior experiments using statistical methods have been able to demonstrate that previous beat contraction history is necessary to accurately predict a broad range of transient hemodynamic events, they have not been able to determine its magnitude. Therefore, the second purpose of this study was to determine the magnitude of previous beat contraction history in an isolated heart preparation wherein all other relevant hemodynamic variables could be precisely controlled.
We found that previous beat contraction history is strongly related to previous beat ejection but not to previous beat systolic pressure load or relaxation and that its magnitude equals approximately 8% of normal steady-state levels of performance.
Materials and Methods

Experimental Preparation
Isolated heart preparation. Experiments were performed on hearts isolated from adult male rabbits preanesthetized with an intramuscular injection of ketamine and xylazine (20 and 4 mg/kg, respectively). General surgical anesthesia was maintained with methoxyflurane. The thorax was opened via a median sternotomy, and the brachiocephalic artery was cannulated. The cannula was flushed with 2 ml heparinized saline (1,000 units * ml-') and connected to a perfusion support system. The aorta was ligated and the heart removed from the chest. During the time the heart was being removed from the chest, the coronary pressure and oxygen supply to the heart were never interrupted.
The heart was placed in a temperature-controlled and humid environmental chamber where it received perfusate from a pressure chamber kept constant at 90 mm Hg. The perfusate (millimolar composition: Na+ 151, K+ 5, Cl-143, Ca2+ 1.8, Mg2+ 1.1, HCO3-12, P042-0.4, glucose 11.1, as well as 2.5 units * 1-1 insulin) was oxygenated by passage through a 95% 02-5% CO2 filled gas-exchange chamber. Temperature was kept constant at 30°C by circulating heated water through jackets surrounding each chamber. The heart was kept moist at all times by allowing the coronary effluent to be pumped out of the right ventricle through the severed pulmonary artery and right atrium such that it dripped continuously over the surface of the heart. The perfusate was not recirculated.
The left atrium was incised, the chordae tendineae were cut, and the mitral valve leaflets were removed. A 0 Prolene drawstring was tacked around the mitral annulus at four or five evenly spaced locations with 4-0 Prolene sutures. A thin, empty latex balloon (constructed from an adult esophageal balloon) was secured to the flared end of the volume servo system. The heart was positioned so that the end of the volume servo system "snapped" into the mitral annulus, and the balloon tip was pulled through a puncture in the left ventricular apex. The drawstring suture was tightened to secure the balloon in the left ventricular chamber. The puncture in the apex served as a vent for any fluids between the balloon and chamber wall. The balloon then was filled with 1.0 ml degassed distilled water. When the balloon was filled, end-diastolic pressures rose to 5-10 mm Hg. Because the balloon easily could have accommodated 2.0 ml water without generating pressure, it was assumed that all the pressure was the result of ventricular chamber distension and that the balloon occupied all the chamber volume. External unipolar electrodes were attached to the apex, and the heart was paced at 100-120 beats/min.
Volume servo system. The volume servo system was composed of a linear motor, a piston-cylinder device, a linear variable displacement transducer (LVDT, model 0294-0000, Trans-Tek, Inc.), a custom-designed analog position controller, and a customdesigned high current amplifier. The linear motor (model 528-003, Precision Computer Components) was obtained from a high-speed disk drive. The piston-cylinder device was a modified 3-ml glass syringe (East Rutherford Syringes) with two side ports. The piston barrel was connected to one end of the metal armature shaft. The flared end of the cylinder was attached to the left ventricular balloon and placed in the mitral annulus. A 5F catheter-tip pressure transducer (Millar Instruments, Houston, Tex.) was introduced into the center of the balloon via a side port. The piston-cylinder allowed a maximum infusion of 1 ml and a maximum withdrawal of 1 ml from the initial end-diastolic volume at a resolution of 0.001 ml. The LVDT was mounted on the back of the linear motor, and its core was attached to the other end of the metal shaft. The LVDT had a frequency response of 1 kHz and a resolution of +0.015 mm. This allowed precise mea-surement of the piston position and therefore, with proper calibration, the instantaneous left ventricular volume.
The piston position was controlled by a classical analog proportional-integral-differential (PID) com Figure 1A .
A second sequence of pressure clamps also was performed. This was similar to the full-clamp protocol described above, except that the single test beat began as an isovolumic beat and was pressure clamped only after the time of peak isovolumic pressure. This is the "partial-clamp" protocol, an example of which is shown in Figure 1B .
The first record obtained was with the test beat pressure clamped at 100% of peak isovolumic pressure, that is, an isovolumic beat. It was necessary to have this be the first record so that the level and time of peak isovolumic pressure could be determined to control the clamping parameters for the remainder of the sequences. The remaining full-and partial-clamp sequences were applied in random order under highlevel computer control of the volume servo system.
Data Anatysis
Phasic left ventricular pressure and volume signals were sampled at 1,000 Hz for a time period consisting of the last four steady-state beats, the single test beat, and the subsequent reference isovolumic beat.
With the use of software developed in our laboratories, stroke volume was calculated from the volume signal, left ventricular peak and end-diastolic pressures were identified from the pressure signal, and the half-time of pressure decay during relaxation (T1/2) was calculated as the time it took pressure to fall to a value halfway between the value at end systole (defined from the volume signal as the time at which volume change stopped) and the value immediately before filling. Steady-state values of these variables were obtained by averaging the last three steady-state beats before the test beat. Values of these variables also were obtained for the test beat and the following reference isovolumic beat.
The experiment was designed so that end-diastolic volume remained constant throughout at 1.0 ml. All sequences had the same steady-state level of function. The only difference between sequences was in the pressure-clamp level of the single test beat and whether it was a full-or partial-pressure clamp. Thus, if previous beat contraction history is important in determining left ventricular function in this preparation, it will be reflected in the magnitude of developed pressure and peak positive dP/dt on the reference isovolumic beat following the single test beat. were corrected to account for the missing cell, which precludes the assessment of an interaction effect.14 Thus, only main effects in the analysis of variance were considered, and there was no subgroup testing. Furthermore, because there were small variations in end-systolic volume at the fixed steady-state pressure-clamp level ( Figure 1 and Table 1 ), the potential confounding effect of slight differences in baseline performance was accounted for by inclusion of the steady-state stroke volume into this analysis of variance as a covariate. Two regression models were examined, one with reference beat developed pressure (Pref) as the dependent variable and one with reference beat peak positive dP/dt (Dref) as the dependent variable. In both cases, five dummy variables were incorporated to account for between-subjects variability. ' (2) where AV(k-1), Ps(k-1), and T,12(k-1) are the stroke volume, peak systolic pressure, and half-time of relaxation, respectively, on the previous test beat. Relaxation was included because of the observation that relaxation also varies as a function of load clamp level (see Figure 1 ) and prior studies indicating that it may play a minor role.23 Regression coefficients are bog bAvy bp, bT, bsi, co, cAv, cp, cT, and csi. Because of the potential interrelations among AV(k-1), Ps(k-1), and T,,2(k-1), the regression equations were fit using stepwise regression'4 while forcing the subject dummy variables, Si. Unless otherwise indicated, data are reported as mean±+SD.
Results
Examples of pressure and volume measurements for a full experiment are shown in Figure 1 for both full ( Figure 1A ) and partial ( Figure 1B) Figure 3 shows stroke volumes of the single test beats for all experimental conditions. Even though ejection on the partially clamped beats did not begin until the time of left ventricular peak isovolumic pressure (see Figure 1B) , stroke volume on these beats averaged from 82% to 93% of the stroke volume on the corresponding fully clamped beats. Table 2 summarizes the results of using stepwise multiple regression to fit the combined data from the full and partial clamping protocols to Equations 1 and 2. The results of the analysis of variance were confirmed in that both developed pressure and peak positive dP/dt on the reference beat increased as previous test beat ejection (i.e., stroke volume) increased (both p<0.001). Peak systolic pressure of the previous test beat did not have a statistically significant effect on either reference beat developed pressure or peak positive dP/dt. Similarly, relaxation half-time of the previous test beat did not have a statistically significant effect on either reference beat developed pressure or peak positive dP/dt. Overall, the fits of Equations 1 and 2 to the data were very good, as indicated by the R2 values of 0.87 and 0.93, respectively. Discussion Is Previous Beat Contraction History Related to Ejection or Systolic Pressure? This study is the first to show definitively that previous beat ejection per se, and not previous beat Specifically, based on these considerations and our identification of previous beat ejection as the important mechanical event underlying previous beat contraction history, we hypothesize that ejection (i.e., muscle shortening) causes loss of calcium from the myofilaments (and higher intracellular calcium). This leads to a shortened systolic interval, increased early calcium uptake by the sarcoplasmic reticulum, and, thus, more time for calcium transfer to the release store. The net result is increased calcium transfer to the release store between beats. Hence, ejection (muscle shortening) on one beat positively influences activation and contraction on the next beat.20 A similar process has been proposed to explain the oscillating activation underlying mechanical alternans.10, 21 The results of this experiment support this mechanistic interpretation. For the partial pressure-clamp protocol, all test beats had identical systolic loads up to the time of peak isovolumic pressure. In spite of this, left ventricular pressure-generating ability on the following reference beat varied as a function of the level of late pressure clamp in nearly the same way as observed after the test beats in the full pressure-clamp protocol. The small difference in magnitude of the effect of the full and partial pressure-clamp protocols can be attributed to the small changes in ejection between these two protocols ( Figure 3) . The multiple linear regression analysis of the combined data from both the full and partial clamping protocols confirms a strong dependence of reference beat pump performance on previous beat stroke volume (i.e., ejection) and, in addition, shows that there is no independent effect of either previous beat peak systolic pressure or relaxation.
In addition to this result, two other observations strengthen the plausibility of the proposed cellular mechanism. First, the duration of ejection was abbreviated as shortening increased, and second, the extent of left ventricular pressure decay was greater (i.e., at any time after the end of ejection, pressure is lower in those beats with larger stroke volumes [see Figure 1] ). Both of these effects are consistent with a shortening deactivation that would lead to earlier loss of calcium from regulatory proteins, increased intracellular calcium earlier in systole, and a longer diastolic period for calcium uptake and transfer to the release store.
Magnitude of Previous Beat Contraction History
The results of this study allow us to quantify, for the first time, the magnitude of the effect of previous beat contraction history. For the fully clamped beats, the average difference in developed pressure between reference isovolumic beats preceded by ejecting beats clamped at 40% of peak isovolumic pressure and those preceded by isovolumic (nonejecting) beats was 11 mm Hg. This corresponds to a change in pressure-generating capacity of approximately 8%. The corresponding maximum effect for reference beats preceded by partially clamped beats is approximately 9 mm Hg. Similarly, the average maximum effect of fully clamped previous beats on dP/dt of the reference beat was 146 mm Hg * sec`(8.5% change), and the average maximum effect of partially clamped previous beats was 134 mm Hg * sec`(8% change).
Hence, in this preparation, the maximal effect of previous beat contraction history is on the order of an 8-9% increase in left ventricular pressure-generating ability if the previous beat ejects a large stroke volume into a low load compared with when there is no previous beat ejection.
Because this is an isolated heart at 30°C with buffer, rather than blood, perfusion, the magnitude of effect observed in this study may not reflect that operating in the normal conscious animal. There is also, at present, no way to know what species differences might exist. However, it is of note that this phenomenon (or something very similar) also has been described in our previous studies that use dog hearts and other studies in isolated cardiac muscle from cats,8,9'11 rabbits,10 and dogs. 12 To judge the physiological significance of the effect as observed under these experimental conditions, we must first consider the potential role of previous beat contraction history in cardiovascular regulation. The cardiovascular system is rarely in a true steady state. Changing demands for blood pumping occur during the respiratory cycle and during changes in posture, changes in activity, and so forth. Elaborate external control mechanisms exist for the longer term adjustments to these changing demands.22'23 However, quicker responses to changing demands would be more easily obtained if the ventricle itself could make small adjustments "on the fly." We propose that this is the role played by previous beat contraction history, and perhaps other history-related phenomena4-7'24 as well. That is, if the left ventricle is called upon to eject a larger stroke volume on one beat, regardless of the source of the stimulus for more ejection, previous beat contraction history allows a feed-forward effect whereby performance is stronger on the next beat by virtue of increased ejection on the current beat. Such an anticipatory control, intrinsic to the heart, would aid quick adaptation to increased ventricular pumping demands. The beat-to-beat accumulation of small changes in left ventricular performance brought about by this relatively small effect could have a significant impact on overall cardiac pumping ability and cardiovascular system stability.
In summary, these results directly demonstrate the action of previous beat contraction history and suggest that previous beat ejection, but not previous beat ejection pressure or relaxation, is the mechanical event underlying previous beat contraction historydependent left ventricular performance. The magnitude of the maximal effect of previous beat contraction history in this preparation is on the order of an 8% improvement in left ventricular pressure-generating ability when the previous beat ejected a large stroke volume into a low ejection pressure. Although effects of this magnitude often are dismissed as physiologically unimportant, the sum of many such small changes may have a significant impact on the ability of the left ventricle to adapt to continually changing loading conditions and demands, and thus help maintain cardiovascular homeostasis.
